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A program  has  been  initiated  to  evaluate  the  capability  of  machine  casting  for  fabricating  compo- 
nents for  gas  turbine  engines  such  as  compressor  airfoils.  The  goal  is  to  evaluate  the  capability  of 
the  process  to  produce  an  end  product  of  high  quality  on  an  economic  basis. 

During  this  reporting  period,  machine  casting  activity  consisted  of  continuing  equipment  modifi- 
cations to  an  already  existing  unit  which  improved  die  filling  and  decreased  transfer  time.  Con- 
currently, partial  assessment  of  process  parameter  effects  using  Rheocast  Haynes  Alloy  31  (X-40 
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FOREWORD 

This  report  covers  work  done  during  the  period  1 March  1976  through  31  August  1976 
under  the  general  title  “Machine  Casting  of  High  Temperature  Alloys  for  Turbine  Engine 
Components”.  The  work  was  carried  out  at  Pratt  & Whitney  Aircraft  Group,  Commercial 
Products  Division,  Materials  Engineering  & Research  Laboratory,  East  Hartford,  Ct.,  by  the 
principal  investigators,  L.  F.  Schulmeister,  J.  D.  Hostetler,  C.  C.  Law  and  J.  S.  Erickson.  This 
work  was  sponsored  by  the  Defense  Advanced  Research  Projects  Agency  under  DARPA 
Order  No.  2267  (Amendment  #6  — Code  64 10)  and  Contract  No.  DAAG  46-76-C-0029  at 
the  Army  Materials  and  Mechanics  Research  Center,  Watertown,  M A. 


TABLE  OF  CONTENTS 


Section 

Title 

Page 

FOREWORD 

iii 

TABLE  OF  CONTENTS 

iv 

LIST  OF  ILLUSTRATIONS 

V 

LIST  OF  TABLES 
SUMMARY 

I INTRODUCTION 

A.  BACKGROUND 

B.  PROGRAM  DESCRIPTION 


II  EQUIPMENT  DESIGN  AND  MACHINE  CASTING 
EXPERIMENTATION 

A.  EQUIPMENT  DESIGN 

B.  SERIES  I - INJECTION  TRIALS 

C.  SERIES  II  - INJECTION  TRIALS 

D.  SERIES  II  - CASTING  TRIAL  EVALUATION 

E.  MECHANICAL  PROPERTY  EVALUATION 

F.  HEAT  TREATMENT  STUDIES 

G.  SUMMARY  OF  WORK 

III  FUTURE  PLANS 

A.  PARAMETRIC  BEHAVIOR 

B.  MECHANICAL  PROPERTIES 

C.  PROCESS  AUTOMATION/MECHANIZATION 


REFERENCES 


APPENDIX  A - STATISTICAL  TEST  PLAN  FOR 
MACHINE  CASTING 
PROGRAM  PLAN 
DATA  ANALYSIS 


DISTRIBUTION  LIST 


iv 


L 


figure 


LIST  Of  I LLUS1  RATIONS 


Die  Cast  ferrous  Alloy  Compressor  Vane  (left)  and  Compressor 

Blade  (right)  Approximately  1 .5 X ) 3 

Genera!  Outline  for  DARPA  P&WA  Machine  Casting  Program  5 

Machine  Casting  Unit  7 

Schematic  of  Machine  Casting  Unit  8 

Machine  Casting  Unit  Showing  A)  Injection  Ram,  B)  Preform  Loading 
Cradle  with  Preform  and  Container  in  Place  and  C)  Die  Assembly  8 

Machine  Casting  Unit  Showing  A)  Hydraulic  Die  Clamping  System,  B) 

Press  frame  and  C)  Accumulator  9 

Instrumentation  Monitor  Console  for  Measuring  and  Recording  Machine 
Casting  Unit  Process  Parameters  9 

Machine  Casting  Unit  Assembly  Showing  A)  Die  Cavity,  B)  Hntry  Port, 

C)  Gate  and  D)  Vent  1 0 


Preform  Heater  Showing  A)  Induction  furnace,  B)  Loading  Cylinder, 

C)  Pedestal  and  D)  Preform  and  Container  1 1 

Haynes  3 1 Quenched  Specimen  Taken  From  Continuous  Rheocast  Run 
Preform  at  MIT  (50X)  1 1 

Preform  Container  - A Formed  Fiberfrax  Container,  B)  Mullite  Tube 
With  Fiberfrax  Bottom  and  C)  AI7O3  - SIOt  Shell  Container  With 
Fiberfrax  Bottom  13 


Schematic  Representative  of  Injection  Process  using  Ah03  - SiOo 
Shell  Containers  With  Fiberfrax  Bottom 

Machine  Cast  (Thixocast)  Simulated  Airfoil  Cast  Into  Modified  Die 
Assembly  Showing  A)  Convex  Surface  and  B)  Back  or  Flat  Surface 

Comparison  of  A)  Conventional  Forged  Compressor  Vane  With  B) 
Machine  Cast  Simulated  Airfoil 

Machine  Cast  Simulated  Airfoil  Showing  Resultant  Microstructure 
From  A)  PartUsing  25g  Penetrometer  Load  (Low  V/O  Solid)  Load 
and  B)  Part  using  50g  Penetrometer  Load  (High  V/O  solid)  (50X) 


v 


1 


Figure 


LIST  OF  ILLUSTRATIONS  (Cont’d) 


Scanning  Electron  Micrograph  of  Haynes  31  Showing  A)  Hetero- 
geneous Nucleation  of  Dendrites  on  Surface  of  Primary  Solid 
Particles  During  Machine  Thixocasting  and  B)  The  Random 
Dentrite  Structure  in  the  Prior  Liquid  Region.  17 

Microstructure  of  Machine  Thixocast  Haynes  3 1 Simulated  Airfoil 
Section  From  Preliminary  Runs:  a)  General  View  and  B)  Detailed 
Microstructure  Near  Center  of  the  Airfoil  Section  Showing  the 
Quenched  Rheocast  Microstructure  Showing  the  Solid/Prior-Liquid 
Mixture  at  The  Center  of  the  Airfoil  and  the  Prior  Liquid  Layer  at 
the  Surface.  18 

Radiograph  of  Machine  Cast  Blades  Showing  A)  High  Levels  of 
Porosity  Associated  With  High  Preheat  Temperature  (Low  V/O 
Solid  - < 20  V/O)  and  B)  Low  levels  of  Porosity  Associated  With 
Lower  Preheat  Temperature  (High  V/O  Solid  - ~ 50  V/O)  19 

Comparison  of  Machine  Cast  Simulated  Airfoil  From  Trails  Em- 
ploying A)  1 000° F Die  Temperature  and  B)  600° F Die  Temperature  20 

Appearance  of  the  Room  Temperature  Tensile  Fracture  of  a 
Machine  Thixocast  Simulated  Airfoil  Section:  A)  Topographic 
Feature  on  Fracture  Surface,  and  B)  Longitudinal  Section  Which 
Includes  Fracture  Surface.  22 

Appearance  of  the  1000°F  Tensile  Fracture  of  a Machine  Thixocast 
Simulated  Airfoil  Section:  A)  Longitudinal  Section  of  the  Fracture 
Surface  and  B)  Ductile  Fracture  Surface  23 

Longitudinal  Section  of  a Tensile  Specimen  Showing  Interdendritic 
Mode  of  Cracking  in  the  Prior  Liquid  Regions  (200X)  24 


Microstructure  of  Rheocast  Haynes  3 1 After  A)  Solution  Treatment 
of  2250°F/H-Hr/Rapid-Air-Cool,  B)  Solution  + 1350°F/24-Hr  Age, 

C)  Solution-*-  1500°F/24-Hr  Age,  and  D)  Solution-*-  1650°F/ 

24-Hr  Age.  25 

Microstructure  of  As-Received  Haynes  31:  A)  General  View  and  B) 
Carbide  Structure  at  the  Boundaries  26 


Hardness  of  Rheocast  Haynes  3 1 vs.  Aging  Temperature.  The  Heat 
Treatment  Conditions  and  Their  Resulting  Microstructures  are 
Those  Given  in  Figure  24. 


vi 


LIST  OF  ILLUSTRATIONS  (Cont’d) 


Title 

Statistical  Test  Matrix  for  Evaluation  of  Machine  Casting 
Parameters 

Schematic  of  Automatic  Transfer  System  for  Use  With  The 
Machine  Casting  Unit. 


f 


SUMMARY 

For  the  past  several  years,  the  Defense  Advanced  Research  Projects  Agency  (DARPA)  has 
been  sponsoring  a program  directed  towards  the  "Machine  Casting  of  Ferrous  Alloys”. 

Pratt  & Whitney  Aircraft  recently  joined  the  DARPA  effort  to  conduct  an  evaluation  of  the 
applicability  of  machine  casting  for  the  economic  fabrication  of  high  quality  components 
for  gas  turbine  engines  such  as  compressor  airfoils. 

During  the  reporting  period,  a series  of  modifications  were  made  to  an  existing  machine 
casting  unit  to  reduce  the  transfer  time  and  attempt  to  more  consistently  attain  100%  die 
fill.  These  modifications  resulted  in  reducing  the  transfer  time  from  over  six  seconds  to  ap- 
proximately four  seconds  and  significantly  enhanced  the  die  fill.  Concurrent  with  this  acti- 
vity, a partial  assessment  of  process  parameter  changes  using  Rheocast  Haynes  Alloy  3 1 
(X^fO),  a cobalt-base  superalloy,  was  performed.  Parameter  variations  studied  included  vol- 
ume fraction  solid  levels  in  the  casting  preform  of  0.5  and  less  than  0.2,  and  two  die  tempera- 
tures, 600  and  1000°F.  Evaluation  of  the  resultant  casting  indicated  that  parts  made  from 
initially  high  volume  fraction  solid  preforms  were  more  sound  and  that  surface  condition 
was  improved  in  the  parts  cast  into  the  higher  temperature  die. 

In  addition  to  the  above  work,  a heat  treatment  response  study  was  performed.  This  study 
indicated  that  annealing  at  2250°F  for  8 hours  followed  by  ageing  at  1650°F  for  24  hours 
resulted  in  microstructures  similar  to  those  of  conventionally  cast  and  heat  treated  Haynes 
31  alloy.  This  behavior  indicates  that  the  heterogenous  nature  peculiar  to  the  thixotropic 
state  of  the  input  material  can  be  largely  eliminated  through  heat  treatment. 

Limited  tensile  testing  at  both  room  temperature  and  1000°F  indicated  that  yield  strengths 
of  thixocast  material  exceeded  the  nominal  yield  strengths  for  conventionally  investment  cast 
Haynes  31  at  both  temperatures,  whereas  tensile  strengths  of  thixocast  material  was  lower 
than  nominal  values  for  conventionally  cast  Haynes  31 . Ductility  of  the  thixocast  material 
were  lower  than  those  for  conventionally  cast  material  at  both  test  temperatures.  Fracto- 
graphy  indicated  the  presence  of  voids,  caused  by  shrinkage  and/or  foreign  particle  inclu- 
sions, as  being  the  probable  cause  of  the  lower  ductility. 

A mechanical  transfer  system  has  been  designed  and  is  presently  being  constructed.  The  sys- 
tem will  mechanically  transfer  the  casting  preform  from  the  preheater  directly  into  the  load- 
ing assembly  of  the  machine  casting  system  and  will  automatically  trigger  the  injection  cycle. 
This  system  will  both  significantly  reduce  transfer  time  and  enhance  uniformity  of  machine 
casting  unit  operation  so  as  to  further  improve  product  reproducibility  and  reliability. 
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A.  BACKGROUND 

The  objective  of  this  experimental  program  is  to  determine  the  potential  ol  machine  casting 
for  economically  producing  high  quality,  ferrous  and  superalloy  gas  turbine  engine  com- 
ponents such  as  airfoils.  The  current  manufacturing  techniques  for  the  fabrication  of  air- 
foils include  investment  casting  and  precision  forging.  However,  machine  casting  offers  the 
potential  for  significant  cast  savings  when  compared  to  these  fabrication  techniques. 

Hie  feasibility  of  conventionally  die  casting  ferrous  alloys  in  airfoil  shapes  as  shown  in  fig- 
ure 1 lias  recently  been  explored.  It  has  been  shown  that  compressor  airfoils  (currently  pre- 
cision forged  and  machined) could  be  die  cast  in  ferrous  alloys  such  as  AM  355  (AMS  5610) 
and  AlSi  4 10  steels  with  the  requisite  dimensional  accuracy.  However,  examination  of  re- 
sultant parts  indicated  that  the  overall  nondestructive  quality  was  lower  than  that  found  in 
current  forged  hardware.  Tins  was  attributed  to  the  presence  of  internal  shrinkage  and  gas 
porosity  which  is  a characteristic  of  current  commercial  ferrous  die  casting  technology. 


Figure  1 Die  Cast  Ferrous  Alloy  Compressor  Vane  (left)  and  Compressor  Blade  (right)  Approximately 
1.5X) 
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High  cycle  fatigue  testing  of  the  die  cast  ferrous  airfoils  indicated  that  the  presence  of  inter- 
nal voids  adversely  affected  the  fatigue  strength  of  the  material.  Fatigue  strengths  for  the 
die  cast  AM  355  blades  were  about  60%  of  the  fatigue  strength  levels  normally  achieved  in 
forged  AM  355  blades.  Reduction  of  porosity  through  hot  isotatic  pressing  (HIP)  improved 
attainable  stress  levels  to  80%  of  normal  fatigue  strength  indicating  the  potential  for  the  die 
casting  of  critical  components  for  gas  turbine  engines  provided  that  internal  casting  sound- 
ness could  be  achieved. 

More  recently  the  Defense  Advanced  Research  Projects  Agency  (DARPA)  has  initiated  pro- 
grams directed  toward  the  "Machine  Casting  of  Ferrous  Alloys”/  One  of  the  innovative 
approaches  being  pursued  involves  forming  high  temperature  alloys  in  the  thixotropic  state  in 
order  to  obtain  improved  product  quality. The  anticipated  quality  improvement  re- 
sults from  the  fact  that  a thixotropic  alloy  is  injected  in  the  machine  casting  system  in  the 
slurry  (partially  solid) state,  thereby  improving  die  fill  characteristics.  In  addition,  since  the 
metal  is  partially  solid  at  the  time  of  injection,  less  shrinkage  porosity  results  and  the  cast- 
ings spend  a shorter  time  in  the  die  before  they  are  completely  solid.  The  lower  tempera- 
tures associated  with  the  thixotropic  input  material  as  contrasted  to  current  die  casting 
practice  should  provide  for  improved  die  life  by  reducing  the  thermal  shock  experienced  at 
the  die  face. 

Pratt  & Whitney  Aircraft  Group  has  recently  joined  the  DARPA  Machine  Casting  Activity. 
The  program  described  in  the  following  section  is  the  P&WA  part  of  the  overall  DARPA 
effort  and  involves  applying  the  machine  casting  process  to  the  fabrication  of  gas  turbine 
components  in  order  to  see  if  this  approach  has  the  potential  to  significantly  improve  cast- 
ing quality. 

B.  PROGRAM  DESCRIPTION 

During  the  course  of  the  program  thixotropic  processing  of  ferrous  and  superalloy  materials 
into  gas  turbine  components  will  be  evaluated.  A general  outline  of  the  program  is  presented 
in  Figure  2. 

A continuing  effort  to  improve  the  machine  casting  system  will  be  conducted  throughout 
the  program.  This  will  include  both  equipment  modifications  and  mechanization  of  various 
steps  in  the  process.  Concurrent  with  this  effort  will  be  a series  of  planned  experiments  de- 
signed to  determine  the  influence  of  critical  process  parameters,  such  as  rheocast  preform 
temperature,  gate  velocity  conditions,  die  temperature  and  gating  configurations  on  casting 
quality. 

A comprehensive  metallurgical  characterization  will  be  performed,  including  microstructural 
analysis  and  a determination  of  alloy  heat  treatment  response.  Mechanical  property  evalua- 
tion. including  high  temperature  tensile  and  creep  rupture  testing  as  well  as  high  frequency 
fatigue  testing,  will  be  conducted  as  well.  This  information  will  be  used  to  determine  the 
feasibility  of  applying  machine  casting  concepts  to  the  fabrication  of  critical  gas  turbine 
components.  An  assessment  of  overall  part  quality,  using  standard  nondestructive  testing 
methods,  will  also  be  incorporated  into  this  feasibility  analysis. 

In  addition  to  the  metallurgical  characterization  of  machine  cast  components  a preliminary 
economic  analysis  of  the  process  comparing  it  with  existing  fabrication  techniques  will  also 
be  performed. 
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Figure  2 General  Outline  for  DARPA  - P&  WA  G Machine  Casting  Program 
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II.  EQUIPMENT  DESIGN  AND  MACHINE  CASTING  EXPERIMENTATION 


The  following  is  a description  of  the  equipment  utilized  in  the  machine  easting  process  as 
well  as  review  of  the  casting  progress  made  during  the  reporting  period. 


A.  EQUIPMENT  DESIGN 

Pratt  & Whitney  Aircraft  has  under  independent  funding  modified  an  injection  molding 
press  for  use  in  their  machine  casting  projects.  This  equipment  ( f igure  3 and  4 ) will  be  util- 
ized throughout  this  machine  casting  contract  as  a method  of  producing  high  temperature 
alloy  gas  turbine  shapes.  The  press  is  a converted  transfer  press  originally  used  for  the  form- 
ing of  thermosetting  plastic  parts  and  consists  of  a press  frame,  die  assembly,  hydraulic  die 
clamping  system  and  hydraulic  injection  system.  These  details  are  depicted  in  f igures  5 
and  6.  Clamping  force  on  the  die  assembly  is  maintained  at  approximately  25  tons,  and  in- 
jection force  is  limited  to  6000  pounds  to  prevent  die  separation.  Injection  speed  is  currently 
restricted  to  a maximum  of  4 in/sec.  The  addition  of  an  accumulator  system  (presently ) be- 
ing installed  (Figure  6)  will  allow  the  attainment  of  ram  velocities  up  to  20  - 30  in/sec.  In 
addition,  the  use  of  a servo-valve  system,  a part  of  the  accumulator  package,  will  allow  a 
high  degree  of  latitude  and  control  of  pressure  and  velocity  and  permit  the  establishment  of 
pressure-velocity  profiles  through  the  use  of  limit  switch  control  on  the  servo-valve  system. 

An  instrumentation  recording  system,  shown  in  f igure  7,  automatically  records  process 
parameter  data  such  as  ram  velocity,  pressure,  and  ram  position.  Ihe  die  assembly,  shown 
in  Figure  8,  and  the  preform  loading  cradle  and  liner,  previously  shown  in  Figure  5,  are 
H-l  1 tool  steel.  The  die  assembly  is  heated  by  means  of  cartridge-type  resistance  heaters 
placed  in  ports  machined  into  the  die  halves  which  are  thermally  insulated  from  the  rest  of 
the  press  frame.  Die  temperatures  as  high  as  1 100°F  can  be  maintained.  A simulated  airfoil 
shape  was  designed  for  use  in  the  trials  to  be  discussed  below  in  order  to  facilitate  the  ex- 
perimental procedures. 
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i'igurc  .1  Machine  Casting  Unit 


v-- 


Machine  Casting  Unit  Showing  A ) Hydraulic  Die  Clamping  System , B)  Press  Frame  and  C) 
Accumulator 


Instrumentation  Monitor  Console  for  Measuring  and  Recording  Machine  Casting  Unit  Process 
Parameters 
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■Wire  S Machine  Cast  inn  l nit  Die  Isv  mbit  Showiny  I ) Die Cavity,  Hi  l-'ntry  Von,  Cl  Can- and  Dl  lent 

The  thixotropic  alloy  preform,  ustiallv  of  cv  lindrieal  shape,  is  preheated  to  the  desired  pro- 
cessing temperature  in  a directlv  coupled,  inductively  heated  furnace  as  shown  in  Figure 
Hie  induction  coil  is  powered  bv  a high  I rcipicitcv  1’ilar  power  supply . Ihe  pretorm  is 
placed  in  a ceramic  container  which  is  m turn  positioned  on  a pedestal  attached  to  a hydraul- 
ically activated  cylinder.  Ihe  preloim  is  then  raised  into  the  turnace.  Ihe  proper  volume 
fraction  solid  in  the  heated  pretorm  is  achieved  through  the  use  of  a variable  load  penetro- 
meter. After  the  penetrometer  sivlus  penetrates  the  preform  indicating  that  a given  volume 
fraction  solid  has  been  achieved,  n is  removed  from  the  furnace  by  means  of  lowering  the 
platform  and  is  then  manuallv  transferred  to  the  machine  casting  unit  and  placed  in  the 
pretorm  loading  cradle  and  is  miccied  into  the  die 

15.  SI  RIFS  I 1NJFCTION  I HI  M S 

An  initial  series  ot  injection  trials  (approxmiatclv  'S  | were  conducted  to  vletermine  the 
capabilities  of  the  machine  cast  ini'  s\  stem . I lav  lies  a 1 (alloy  X -40  I.  a cobalt  base  superalloy 
used  as  an  invesment  cast  turbine  allov  . was  emplov  ed  lor  I It  is  experimentation.  Melt  stock 
was  supplied  to  Ml  I for  conveisioii  mtorheocast  lorm  in  their  continuous  rheoeasting 
apparatus*^'  A tv  pical  ipieiu  lied  i h o,  asi  mierostructure  ot  the  allov  is  shown  in  figure  1(1 
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In  this  initial  series  of  injection  trials  die  temperature  and  rheocast  preform  volume  fraction 
solid  wea*  varied  by  varying  the  penetrometer  load.  It  was  found  that  with  the  then-existing 
system  the  transfer  time  for  the  preform  (5-6  seconds)  into  the  injection  unit  was  too  long 
to  provide  adequate  die  fill.  Ibis  was  further  complicated  by  the  fact  that  the  ingate  length 
was  excessively  long.  Modifications  were  made  to  the  system  to  alleviate  these  conditions. 
Sufficient  quantities  of  test  material  were  obtained  to  machine  tensile  specimens  for  a pre- 
liminary property  investigation.  'Hie  results  of  this  testing  are  reported  in  Section  11-K. 

One  other  complicating  factor  which  was  observed  in  the  initial  injection  series  was  that  the 
Fiberfrax  container  system  used  to  hold  the  rheocast  preform  tended  to  adhere  to  the  pre- 
form surface  and  fragments  of  Fiberfrax  ended  up  as  inclusions  in  the  injected  casting.  In 
addition,  transfer  of  the  preform  from  the  heater  to  the  machine  casting  unit  was  impeded 
by  the  lack  of  strength  of  the  Fiberfrax  container  at  the  preheat  temperature.  This  resulted 
in  the  periodic  loss  of  the  entire  test  specimen  through  leakage  of  the  alloy  from  the  con- 
tainer. To  alleviate  this  problem  both  mullite  and  shell  molded  Alif^-SiCb  tubes  with 
Fiberfrax  bottoms  were  evaluated.  The  three  types  of  containers  are  shown  in  Figure  1 1 . 
The  preform  containers  are  cut  to  about  two  inch  lengths  and  Fiberfrax  discs,  soaked  in 
colloidal  SiO->,  are  then  positioned  in  one  end  of  the  tubes  and  the  assembly  is  baked  to 
bond  the  Fiberfrax  in  place.  The  preforms  are  loaded  in  the  containers,  heated  in  the  fur- 
nace (vertical  position ) and  manually  transferred  to  the  loading  cradle  (horizontal  position). 
The  injection  ram  then  punches  out  the  Fiberfrax  bottom  while  injecting  the  preform  ma- 
terial into  the  die.  Because  of  the  smaller  size  of  the  ram  relative  to  the  preform  container 
inner  diameter,  neither  the  Fiberfrax  nor  the  container  fragment  to  the  point  where  addi- 
tional inclusions  are  injected  into  the  part  forming  portion  of  the  die.  The  injection  se- 
quence is  shown  schematically  in  Figure  12.  As  a result  of  the  ease  of  handling  provided  by 
the  tube  regidity,  the  use  of  this  type  of  container  design  reduced  transfer  time  to  about 
3. 5-4. 5 seconds.  Furthermore,  it  was  found  that  the  Al^Oj-SiCb  shell  material  provided 
additional  shock  resistance  as  contrasted  to  the  high  density  mullite  and  it  therefore  has 
been  selected  for  further  evaluation. 


Figure  11  Preform  Container  A)  Formed  Fiberfrax  Container,  H)  Mullite  Tube  With  Fiberfrax  Bottom 
and  C)  Aid)  j - SiO  Shell  Container  With  Fiberfrax  Bottom 


A)  PRIOR  TO  INJECTION 


B)  DURING  INJECTION 

Figure  12  Schematic  Representative  of  Injection  Process  using  A l^)  j-SiO  2 Shell  Containers  With  Fiber- 

frax  Bottom 

One  other  significant  modification  which  was  made  to  the  machine  casting  unit  at  this  time 
was  to  change  the  preform  heater  from  a susceptor  coupled  induction  system  to  a directly 
coupled  induction  system  using  a specially  designed  induction  coil  which  helped  to  minim- 
ize axial  temperature  variations.  Direct  coupling  resulted  in  reducing  preform  heat  up  time 
from  about  20  to  2-3  minutes. 


C.  SERIES  II  - INJECTION  TRIALS 


After  the  aforementioned  modifications  were  made  to  the  machine  casting  system  a second 
series  of  castings  (approximately  35  trials)  was  made.  The  first  trials  in  this  series  clearly 
indicated  that  the  die  full  characteristics  of  the  system  were  significantly  improved.  Ex- 
amples of  simulated  airfoil  castings  so  produced  are  shown  in  Figure  13  and  a comparison 
with  a compressor  vane  is  shown  in  Figure  14.  In  order  to  gain  a further  assessment  of  the 
influence  of  injection  parameters  on  blade  quality  both  preform  volume  fraction  solid  and  die 
temperatures  were  varied  as  before  in  the  Series  I trials.  Since  preform  volume  fraction  sol- 
id is  measured  by  means  of  a penetrometer  the  solid  content  of  the  specimen  could  be  ad- 
justed by  varying  the  penetrometer  weight.  The  penetrometer  stylus  used  was  0. 150  in.  in 
diameter  and  the  two  weights  employed  were  50  and  25  gms.  The  heavier  weight  yielded 
more  reproducible  results  when  judged  on  the  basis  of  metallographically  determining  the 
volume  fraction  solid  present  at  the  preheat  temperature. 
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A)  COMPRESSOR  VANE  Bl  SIMULATED  AIRFOIL 

CONVENTIONALLY  FORGED  MACHINE  CAST 

' l-'igurc  14  Comparison  of.  1 ; ('•  munii,  mal  I ■ ■>■',  <i  ( ■ anpr,  s\<  <r  I am  huh  if  'la, him  ( j\t  Simula/,  ,1 

Airfoil 

Die  temperature  was  varied  between  <>l)i)  and  I null  I in  emu  an  initial  assessment  as  to  its 
influence  on  part  <|tialit v . It  was  possible  t , , , on  1 1 ol  the  die  tempera lu res  to  within  about 
* 20  I ol  tlte  desired  set  point  lempetainiv 

In  addition,  basic  machine  set  tines  continuing  iupvtum  speed  id  in  sect  was  held  constant 
tor  all  castings  made  in  this  test  series.  In  the  in  let  est  id  pi  nmot  mg  plane  I rout  tilling  with 
the  viscous  alloy  slurry,  a relative!;,  large  (().(),  ’ m.“  » gate  w as  emplov  cd.  Under  these 
conditions  the  die  cavitv  till  lime  was  .ah  ulakd  to  about  ti.ii.s2  sec. 
i 

; I).  SERIES  II  ( ASTIN(UI  RIAL  I V \I  U \I  ION 

i 

i I he  castings  made  with  the  above  menlioiied  variations  m ptvlnrm  anil  die  temperatures 

! and  reduced  length  ol  die  meate  wen  e satin ned  both  me t aline raphicallv  anil  noiulestruc- 

Itiv elv  ( radiograph v and  v isii.d  ev  animations  i I he  melalloeeapluc  ei  dilation  indicated  that 

at  the  low  penetromelei  load  i i tile  lesidbint  castings  were  generallv  near  or  .ill  hijlliil  as 
shown  m I Inure  I 5.  Ihe  higher  |vm  in  i i loa.l  i 'lie  i resulted  in  a higher  volume  trac- 

Ition  solid  ( * I 2 t more  tv  pi.  a 1 ol  t he  v a I -s  L omnionlv  used  in  the  earlier  Mil  work  (see 

Figure  IsBl. 
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B)  HIGH  V/0  SOLID 


figure  IS  .Machine  Cast  Simulated  .Mrloil  Showing  Resultant  Mien 'structure  Ironi  .-1 1 Part  l sing  2Sg 
Penan  nneter  / < > ml  t l.i  >u  I '/< ) S<  did  i / < >(*/  u/k/  // 1 Parr  using  S(lg  Penan  under  /.<  ml  (High 
V ()s, did)  (Sum 
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I he  microstrueture  that  existed  at  the  remelting  temperature  was  found  to  he  preserved  In 
the  rapid  cooling  ot  the  slurry  in  the  die.  During  such  solidification,  the  surfaces  of  the 
primary  solid  particles  provided  heterogeneous  sites  for  nuclealion  of’ dendrites,  figure  lb. 
furthermore,  as  observed  in  figure  lb.  tile  growth  of  these  dendrites  was  more  rapid  at 
particular  locations  on  the  surface  of  the  primary  solid  particles.  Ihe  apparent  orthogon- 
ality of  these  preferred  growth  regions  suggests  <)00>  - type  orientation  for  these  regions. 
Since  the  primary  solid  particles  are  oriented  randomly  in  the  slurry,  this  results  in  a 
corresponding  random  mix  of  dendrites  at  the  prior  liquid  regions.  The  implication  of  tins 
observation  on  mechanical  properties  will  he  discussed  later,  in  this  Section. 


/'i  Sr<umihs  / h-ctrnn  Micri '.nrafih  nfllavncs  .*’/  ShfWiH.v  I //«-/<  r<  gi  in"ii\  \in  It  \m<  ai  i •!  / ><  n 
■ I rih  s - in  Surhii  in]  I’riinan  Si  <//</  I ‘arm  /<  \ Ihirini;  Mat  iiin,  I liix,  •iumiiii;  and  IS  ///<  KanJ  • nn 
Pfiiinh  Sirin  mn  in  llh  I’n.ir  I njind  Rcvh'ii 
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Another  microstructunil  feature  of  a typical  machine  thixocast  simulated  airfoil  section, 
shown  in  Figure  17.  is  the  presence  of  a previously  100'?  liquid  layer  at  the  surface.  At 
present  it  is  not  known  whether  the  liquid  layer  is  caused  by  a possible  temperature  gradient 
on  the  reheated  slug  or  whether  it  is  a rheological  phenomenon  associated  with  the  How  of 
a particulate  stream. 


LONGITUDINAL  DIRECTION 
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/ igurt  / 7 Mu  rostrueture  < if  Machine  Thixocast  Haynes  SI  Simulated  Airfoil  Section  from  Trcliminary 
Rum  . I ) ( lateral  1 ’/civ  and  III  Detailed  Microstructure  Scar  Center  oj  the  Airfoil  Section 
Showing  the  Quenched  Rheocast  Mierostructurc  Showing  the  Solid jVrior-l Squid  Mixture  at 
The  Center  of  the  Airfoil  and  The  Trior  Liquid  Laver  at  the  Surface. 
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Radiographic  analysis  indicated  a significant  difference  in  quality  between  castings  initially 
containing  low  volume  fraction  solid  and  those  containing  high  volume  fraction  solid. 

1 xamination  ol  radiographs,  shown  in  f igure  IK  revealed  that  the  degree  of  shrinkage  type 
defects  was  higher  in  the  low  volume  traction  solid  containing  materials  than  in  the  high 
volume  fraction  solid  materials.  These  data  are  consistent  with  the  propensity  lor  shrinkage 
type  defects  associated  with  the  present  commercial  die  casting  of  liquid  alloys. 


A)  LOW  V/O  SOLID  B)  HIGH  V/O  SOLID 


/■igitn’  IS  Radiograph  <>/  Mai  /line  Can  ll/adcs  Showing  A)  nil’ll  /. ads  of  Porosity  Associated  With  High 
/Wheat  Temperature  t Low  i 'll  Solid  < 20  T /())  and  II)  Low  Levels  of  Porosity  Associated 
With  Tower  Preheat  Temperature  ( High  I /O  Solid  ~ SO  V/O) 


Visual  examination  ol  cast  parts  showed  a difference  in  surface  texture  between  those  parts 
cast  using  a die  temperature  of  n()()T  and  a die  temperature  of  10()0°T.  A much  smoother 
surface  existed  at  the  higher  die  temperature  as  shown  in  figure  l(>.  f his  effect  will  be  more 
thoroughly  studied  and  documented  as  a future  task  of  this  program.  There  appeared  to  be 
no  surface  smoothness  differences  resulting  from  variations  in  preform  temperature. 

L.  MECHANICAL  PROPERTY  EVALUATION 

As  discussed  in  Section  ll-H  sufficient  quantities  of  test  material  were  produced  in  the  first 
series  of  injection  trials  to  gain  a very  preliminary  assessment  of  alloy  tensile  behavior.  It 
should  be  noted,  however,  that  this  material  was  processed  at  low  volume  fractions  of  solid 
and  therefore  contained  shrinkage  pores.  Additional  material  processed  at  high  volume  frac- 
tions ol  solid  contain  less  porosity  and  arc  currently  being  machined  into  test  specimens. 
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A|  1000°F  B)  600°F 

DIE  TEMP  DIE  TEMP 

Figure  19  Comparison  oj  . Machine  Cast  Simula/,, I Atrjnil  I rom  '/rials  I niploying  A)  I0<)()°F Die  Tem- 

perature and  H)  600  / Die  Icinpcratur, 

The  tensile  properties  of  thixoeast  Haynes  3 1 from  the  Series  I injection  trials  are  presented 
in  Table  1.  For  comparison,  typical  tensile  data  for  conventionally  cast  Haynes  31  material 
are  also  included.  It  can  be  seen  that  the  yield  strengths  of  the  thixoeast  materials  are 
higher  than  those  of  the  conventionally  cast  material  at  both  room  temperature  and  1000°F, 
while  the  tensile  ductility  of  the  machine  tlnxocast  sections  is  lower  than  that  found  in  the 
conventionally  cast  material.  The  reason  for  this  lower  ductility  is  apparent  from  examina- 
tion of  fracture  surfaces.  The  fracture  in  this  specimen  prematurely  initiated  at  relatively 
large  shrinkage  pores  and  resulted  in  the  lower  values  for  the  ultimate  tensile  strength  and 
ductility.  Figure  20  shows  a scanning  electron  fractograph  from  specimen  MX01-05  which 
was  tested  at  room  temperature.  The  general  appearance  of  the  fracture  resembles  that  of 
powder  metallurgy  alloys.  In  this  case,  the  granular  appearance  resulted  from  fracture  along 
the  interface  between  the  primary  solid  particle  and  the  prior  liquid  regions,  although  trans- 
particulate fracture  has  also  been  noted.  It  is  interesting  to  note  that  dimples  typical  of 
ductile-type  fracture  surface,  indicating  that  the  machine  thixoeast  material  possesses  in- 
trinsic ductility . Detailed  fractograpliv  shows  that  all  other  tensile  failures  in  the  machine 
thixoeast  material  can  be  attributed  to  similar  t\  pcs  of  fracture  origin,  namely  pores  caused 
by  the  presence  of  alloy  shrinkage  or  foreign  material  believed  to  be  "I  iberfrax".  The  ap- 
pearance of  all  the  fracture  surfaces  is  i|uahtuti\cl\  the  same  as  that  show  n in  Figure  20.  A 
more  transparticulate  type  ol  Ir.isturc  was  Imind  to  be  associated  with  the  elevated  tempera- 
ture test  results  (Figure  21  i in  w liu  h mote  dimple  areas  w ere  also  observed  in  the  machine 
thixoeast  material  at  both  room  tern rat  ; ,rsi  I Dili)  I / 1 igurv  22  I. 
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To  determine  the  intrinsic  ductility  of  the  quenched  rheocast  microstructure,  wafers  of 
0.050  inches  thick  were  cut  from  cast  sections,  which  did  not  contain  observable  defects. 
Two  wafers  were  bent  over  a cylinder  of  0.20  inch  radius  at  room  temperature.  No  crack 
was  observed  in  either  piece  after  the  bending.  The  tensile  strain  at  the  outer  surface  of  the 
bent  wafers  is  approximately  10%,  and  clearly  demonstrates  the  intrinsic  ductility  of  the 
quenched  rheocast  microstructure. 

This  limited  testing  suggests  that  the  intrinsic  tensile  strength  properties  of  machine  cast  X- 
40  are  at  least  equivalent  to  those  of  the  investment  cast  alloy. 


TABLE  I 

TENSILE  PROPERTIES  OF  MACHINE  THIXOCAST  HAYNES  31 
FROM  PRELIMINARY  RUNS 

Test 


S/N 

Microstructure 

Temperature 

(°F) 

0.27r  YS 
(ksi) 

UTS 

(ksi) 

% El 

% RA 

MX01-01 

Thixocast 

R.T. 

52 

52 

1.0 

MX0I-05 

Thixocast 

R.T. 

71 

82 

2.9 

4.0 

AMS  5382 

Conventionally 

Cast 

R.T. 

50 

83 

4.0 

7.0 

MX0I-02 

Thixocast 

.000 

43 

59 

6.1 

10.9 

MX01-06 

Thixocast 

1000 

43 

47 

3.0 

7.8 

AMS  5382 

Conventionally 

1000 

26 

65 

10.0 

8.0 

Cast 
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(A)  100X 


Figure  22  Longitudinal  Section  of  a Tensile  Specimen  Showing  Interdendritie  Moth  oj  trucking  in  tin 
I’rior  l.ii/ukl  Regions  (2(l<>.\  ) 


F.  HEAT  TREATMENT  STUDIES 

A study  o!  the  heat  treatment  response  ol  rheoeast  Haynes  31  alloy  lias  also  been  performed. 
I Hie  mierostruetures  ol  the  rheoeast  I lay  nes  3 I alter  solutioning  at  2250'  F and  aging  at  \ari- 

ous  temperatures  are  shown  in  Figure  25.  The  solution  treatment  results  in  partial  dissolu- 
tion ol  the  primary  carbide  (M-(  , ) and  coarsening  by  coalescence  of  the  initially  pearlitc- 
ap pearing  primary  carbide  (Figure  23a)  which  is  not  the  ease  in  the  as-received  rheoeast 
structure  structure  (Figure  24).  Preferential  precipitation  of  type  of  carbide  at  sub- 

grain boundaries  and  grain  boundary  regions  is  barely  observable  after  aging  at  1550  I lor 
24  hours.  Much  heavier  precipitation  of  M.,  carbide  is  observed  when  the  aging  \\  as  con- 
ducted at  I500°E.  Discrete  carbide  particles  are  distributed  rather  uniformly . those  in  the 
grain  matrix  tend  to  align  along  crystallographic  directions  (Figure  23c).  Similar  obserxa- 
■ tions  can  be  made  of  the  aging  at  I650°E  except  that  the  distribution  of  the  carbide  particles 

j is  less  uniform,  and  they  tend  to  cluster  at  grain  boundary  regions  (Figure  23d  I.  I he  oh- 

. served  relative  quantities  and  distributions  of  the  Mn<3  carbides  precipitated  during  aging 

t at  various  temperatures  are  those  expected  from  the  ('-shape  temperature-time- 

i transformation  ( I TT)  precipitation  kinetics  of  M,,  C carbides.  In  this  respect,  the  aging 

r response  of  rheoeast  Haynes  3 I may  be  considered  as  typical  of  those  conventionally 
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Figure  23  Mierostruetttn ■ ofRheocast  Haynes  31  After  A ) Solution  Treatment  oj  22S0°T/R-llr/Rapul- 

Air-Cool,  R)  Solution  + 1 350°F/24-llr  Age,  C)  Solution  + 1 500° I'/ 24-1  Ir  Age.  and  PI  Solution 
+ 165()°l-/24-llr  Age 
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Tlie  room-temperature  Rockwell  hardness  corresponding  to  the  microstructures  shown  in 
Figure  23  is  illustrated  graphically  in  Figure  25.  The  hardness  after  the  solution  treatment  at 
2250° F is  the  same  as  the  as-received  rheocast  material,  RC  27,  indicating  that  very  little  ad- 
ditional carbon  went  into  solution  during  the  heat  treatment  (for  comparison,  the  hardness 
of  a vacuum  cast  Haynes  31  is  RC  26).  The  hardness  increases  with  aging  temperature,  and 
reaches  a maximum  at  about  1 500°F  which  corresponds  to  precipitation  of  rather  homoge- 
neously distributed  M23C6  carbide  particles  (Figure  23c).  Aging  at  temperatures  above 
1500°F  resulted  in  heterogeneous  precipitation  and  coarsening  of  M23C6  carbide  particles, 
thus  the  observed  decrease  in  hardness. 

These  heat  treatment  response  studies  have  shown  that  the  rheocast  microstructure  can  be 
solutioni/ed  and  aged  in  a manner  similar  to  that  experienced  with  conventionally  cast  ma- 
terial. This  type  of  response  may  be  critical  to  certain  classes  of  age  hardenable  superalloys 
in  order  to  achieve  the  desired  mechanical  property  levels.  In  the  case  of  Haynes  31 , the  al- 
loy is  normally  used  in  the  as-cast  condition  for  airfoil  applications.  Therefore,  mechanical 
property  testing  of  the  machine  cast  product  will  be  performed  in  the  thixocast  condition. 

If  necessary,  a suitable  solutionizing  and  aging  treatment  will  be  given  to  the  machine 
cast  product  to  further  improve  mechanical  property  response. 
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f igure  25  tfardness  of  Rheocast  Haynes  51  vs.  Aging  Temperature.  The  Heat  Treatment  Conditions  and 
Their  Resulting  Micrnstructures  are  Those  (liven  in  Figure  24. 
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G.  SUMMARY  OF  WORK 


The  results  achieved  to  date  on  this  program  have  shown  the  potential  of  thixocasting  for  the 
fabrication  of  airfoil-type  components  using  rheocast  superalloys  such  as  Haynes  31 , a cobalt- 
base  alloy.  A machine  casting  facility  has  been  improved  to  the  point  where  reproducibility 
of  operation  has  been  achieved.  The  unit  has  been  used  to  thixocast  a number  of  simulated 
airfoils  which  under  the  proper  processing  conditions  have  yielded  material  with  the  desired 
microstructure  and  has  demonstrated  a potential  for  improvements  in  nondestructive  quality. 
In  addition,  tensile  properties  measured  from  specimens  machined  from  thixocast  Haynes 
31  alloy  showed  promising  property  levels  compared  to  those  for  conventionally  cast  Haynes 
31  (AMS  5382),  especially  when  considering  the  very  nature  of  the  data  and  the  quality  of 
the  thixotropic  material  involved. 

Concurrently  with  this  activity,  a heat  treatment  response  study  was  also  performed  which 
has  shown  that  the  rheocast  material,  when  solutionized  and  aged,  behaves  in  a manner  simi- 
lar to  the  conventionally  cast  product. 


In  summary,  thixotropic  processing  to  date  appears  to  have  a significant  potential  use  for 
the  fabrication  of  high  quality  gas  turbine  components.  This  aspect  will  be  more  fully 
investigated  between  now  and  the  conclusion  of  the  present  P&WA  effort  with  DARPA. 
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III.  FUTURE  PLANS 


During  the  course  of  the  next  investigation  period,  a statistical  test  plan,  described  in  Appen- 
dix A,  will  be  employed  to  further  evaluate  the  influence  of  process  variables  on  the  machine 
cast  part  quality.  By  taking  this  statistical  approach  it  will  be  possible  to  maximize  the  infor- 
mation gained  in  the  program  utilizing  the  minimum  number  of  test  conditions.  In  addition, 
a more  comprehensive  mechanical  property  evaluation  will  be  performed  on  selected  machine 
cast  components.  One  other  aspect  of  the  program  is  to  design  and  construct  an  automatic 
transfer  device  for  taking  the  rheocast  specimens  from  the  preheat  chamber  to  the  loading 
cradle.  The  details  of  these  planned  activities  are  discussed  below. 

A.  PARAMETRIC  BEHAVIOR 

The  overall  quality  of  machine  cast  components  is  significantly  affected  by  several  process' 
variables.  These  include  preform  temperature  (or  more  correctly,  volume  tract  on  solidified), 
gate  velocity,  die  temperature,  transfer  time  and  gating  configuration.  In  order  to  assess 
these  parametric  effects,  a statistical  test  has  been  prepared  and  is  described  in  detail  in  Ap- 
pendix A.  The  test  matrix  from  this  plan  is  shown  in  Figure  26.  This  type  of  matrix  can  be 
repeated  for  a variety  of  gating  configurations.  Transfer  time  currently  involves  a manual 
preform  transfer  arrangement  which  will  be  recorded  for  each  individual  run.  The  parametric 
variables  for  each  gating  configuration  (including  transfer  time)  will  be  evaluated  for  their 
effects,  either  individual  or  combined,  on  the  overall  quality  of  blades  as  measured  non- 
destructive^ and  microstructuraliy.  The  results  of  this  statistical  analysis  will  then  be  used 
to  optimize  processing  parametrices. 
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Figure  26  Statistical  Test  Matrix  for  Evaluation  of  Machine  Casting  Parameters 


B.  MECHANICAL  PROPERTIES 

Selected  specimens  from  the  statistical  survey  described  above  will  be  evaluated  for  mechani- 
cal properties.  Testing  will  consist  of  evaluating  creep  rupture,  and  high  cycle  fatigue  proper- 
ties and  room  and  high  temperature  tensile  strength.  These  specimens  will  be  selected  based 
on  microstructural  considerations  as  well  as  overall  nondestructive  quality.  In  particular, 
the  radiographic  quality  will  be  evaluated  for  mechanical  property  specimens  to  assess  sound- 
ness of  the  specimens,  thereby  insuring  that  the  testing  represents  the  inherent  strength 
behavior  of  thixocast  material.  These  data  will  then  be  compared  to  baseline  data  generated 
on  as-cast  Haynes  31  (AMS  5382)  materials  to  determine  the  applicability  of  the  process  for 
the  fabrication  of  critical  components.  If  necessary  the  alloy  will  be  heat  treated  to  provide 
additional  mechanical  property  improvement. 

C.  PROCESS  AUTOMATION/MECHANIZATION 

Machine  casting  processes  are  dependent  on  a variety  of  factors  including  starting  material 
costs,  die  life,  ability  to  cast  multiple  parts,  etc.  However,  a major  factor  in  achieving  high 
part  quality  is  process  reproducibility.  Parametric  studies  will  point  toward  the  proper 
processing  conditions  to  achieve  high  quality  parts,  however,  part  reproducibility  is  pri- 
marily a function  of  the  consistency  of  the  machine  casting  equipment  operation.  In  order 
to  achieve  operational  reproducibility,  it  is  necessary  to  automate/mechanize  wherever 
possible  to  insure  minimal  variations  in  the  optimized  processing  procedures. 

At  present,  the  machine  casting  facility  is  operated  manually  in  the  following  fashion.  The 
preform  and  container  are  loaded  on  the  hydraulic  loading  ram  which  then  locates  the  pre- 
form in  the  furnace.  Power  is  applied  to  the  induction  coil  which  directly  couples  with  the 
preform.  When  the  proper  temperature  (volume  fraction  solid)  is  reached,  the  penetrometer 
stylus  pierces  the  specimen.  At  this  point  the  loading  ram  is  withdrawn  from  the  furnace  by 
| manual  valve  operation.  The  operator  transfers  the  preform  to  the  loading  cradle  on  the 

J machine  casting  unit  with  a pair  of  tongs  and  then  actuates  the  injection  ram  with  a foot 

pedal. 

s Each  of  these  operations  is  keyed  to  the  skill  of  the  operator  and  will  normally  occupy  a 

combined  interval  of  from  3.5  to  4.5  seconds  under  ideal  conditions.  Also,  this  length  and 
variability  of  transfer  time  can  adversely  affect  the  quality  of  the  machine  cast  part  because 
of  variable  and  excessive  preform  heat  losses.  These  can  readily  be  compensated  for  through 
■ the  use  of  automated  control  of  the  process. 

i 

I As  assessment  of  automated  transfer  of  the  rheocast  specimen  machine  casting  unit  will  be 

^ made  a part  of  this  program.  A simple  means  of  process  control  is  shown  in  Figure  27  and 

{ basically  consists  of  limit  switch  control  in  the  heating,  transfer,  and  injection  steps  of  the 

t process.  The  preform  heater  will  be  located  directly  above  the  loading  area  of  the  machine 

casting  unit.  The  preform  and  container  will  be  placed  on  a hollow  pedestal  attached  to  a 
loading  ram  and  located  in  the  heater.  When  the  part  reaches  the  proper  volume  fraction 
solid,  the  penetrometer  will  pierce  the  preform.  The  downward  movement  of  the  penetrome- 
ter will  trigger  a limit  switch  which  will  activate  the  loading  ram.  The  platform  which  holds 


4 
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the  pedestal  is  both  parted  and  hinged  and  has  a cam  follower  wheel  attached.  As  the  plat- 
form is  lowered,  the  wheel  will  follow  the  cam  surface  shown  in  Figure  27.  The  cam  surface 
will  translate  the  preform  and  container  from  its  initial  vertical  position  to  a horizontal  posi- 
tion directly  into  the  preform  cradle.  When  the  preform  reaches  its  final  position,  another 
limit  switch  is  tripped  which  in  turn  activates  the  injection  ram.  The  ram  travels  through 
the  platform  “port”  and  the  hollow  pedestal,  and  then  through  the  preform  container  inject- 
ing the  preform  into  the  die.  This  transfer  and  injection  can  occur  as  quickly  as  two  seconds 
with  variations  of  as  little  as  ±0.1  second.  Cylinder  dampers,  alignment  rods,  cover  shields, 
etc.  will  also  be  added  to  assure  consistent  alignment  and  operation. 

Refinement  of  process  parameters  will  be  greatly  enhanced  by  consistent  processing  condi- 
tions and  will  also  allow  a more  meaningful  evaluation  of  those  parameters  which  will  have 
the  most  significant  affect  on  overall  machine  cast  part  quality. 
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Figure  27  Schematic  of  Automatic  Transfer  System  for  Use  With  The  Machine  Casting  Unit 


REFERENCES 


1.  G.  D.  Chandley,  Gary  Scholl,  Hitchener  Mfg.  Co,  “Machine  Casting  of  Ferrous  Alloys,” 
ARPA  Contract  DAAG4O-73-C-01 12,  Interim  Reports  prepared  for  Contract  period 
1 Feb.  1973  to  30  June,  1975  for  AMMRC,  Watertown,  Mass. 

2.  M.  C.  Flemings.  R.  Mehrabian,  et  ai,  MIT,  “Machine  Casting  of  Ferrous  Alloys,” 

ARPA  Contract  DAAG46-73-C-01 10.  Interim  Reports  prepared  for  Contract  Period 
1 June  1973  to  31  Dec.  |97p.  for  AMMRC,  Watertown,  Mass. 

3.  MFX  Giglioiti.  G.  I ( Ril).  “Machine  Casting  of  Ferrous  Alloys,”  ARPA  Contract 
DAAG46-73-C-G!  1 1.  interim  Reports  prepared  for  Contract  Period  1 Feb.  1973  to 
31  Jan.  1974  for  AMMRC.  Watertown,  Mass. 

4.  M.  C.  Flemings,  R.  Mehrabian,  et  al,  MIT,  “Machine  Casting  of  Ferrous  Alloys,”  ARPA 
Contract  DAAG46-73-C-01 10,  Interim  Report  for  period  1 July  1974  to  30  June  1975 
for  AMMRC,  Watertown.  Mass.  April  30,  1976. 

5.  H.  R.  Larson,  B.  A.  Heger  and  C.  P.  Biswas,  Abex  Corp.,  “Machine  Casting  of  Ferrous 
Alloy,”  ARPA  Contract  DAAG46-73-C-01 1 3,  Interim  Reports  prepared  for  Contract 
Period  1 Feb.  1973  to  30  June  1974  for  AMMRC,  Watertown,  Mass. 

6.  R.  Mehrabian,  et  al,  U of  Illinois,  “Machine  Casting  of  Ferrous  Alloys,”  ARPA  Contract 
DAAG46-76-C-0023.  Interim  Report  for  period  1 October  1975  - 31  March  1976  for 
AMMRC,  Watertown,  Mass.  August  1976. 

7.  M.  C.  Flemings,  R.  Mehrabian,  D.  B.  Spencer.  ‘Rheological  Behavior  of  Tin-1 5%  Lead 
in  the  Crystallization  Range,  Dept,  of  Metallogy  and  Material  Science,  MIT,  November 
1971. 

8.  M.  C.  Flemings,  R.  Mehrabian,  “Casting  Semi-Solid  Metals,”  Trans.  International 
Foundry  Congress,  Moscow,  A.F.S.  Transactions,  Vol.  81  (1973),  pp.  81-88. 

9.  R.  Mehrabian,  M.  C.  Flemings.  “Casting  in  the  Liquid-Solid  Region,”  New  Trends  in 
Materials  Processing.  A.S.M.  (1976),  p.  98. 

10.  E.  F.  Faseetta,  R.  G.  Riek.  R.  Mehrabian,  M.  C.  Flemings,  “Die  Casting  Partially  Solidified 
Higu  Copper  Content  Alloys.”  Die  Casting  Engineer  (September-October  1973),  pp.  44-45. 
(Also  A.F.S.  Cast  Metals  Research  Journal,  Vol.  9.  No.  4 (1973),  pp.  167-1 7 1 ; Trans. 

A.F.S. , Vol.  81  (1973)  pp.  95-100). 


32 


I 


l 


APPENDIX  “A” 

STATISTICAL  TEST  PLAN 
FOR 

MACHINE  CASTING 

Statistical  methods  are  used  to  plan,  analyze,  and  process  results  of  experiments  containing 
factors  corresponding  to  those  associated  with  complex  development  problems.  By  varying 
these  factors  in  a planned  manner,  it  is  possible  to  isolate  and  study  the  effect  produced  by 
any  one  factor,  or  combination  of  factors  upon  the  problem. 

The  use  of  statistical  techniques  widens  the  scope  of  the  program  by  providing  the  maximum 
use  of  test  information.  By  implementing  these  methods  in  the  test  program,  cost  savings 
are  achieved  through  the  reduction  of  the  number  of  tests  required  and  the  time  to  obtain 
productive  information  is  minimized. 

For  these  reasons,  statistical  techniques  will  be  used  throughout  the  machine  casting  program 
where  it  is  considered  the  most  cost  effective  means  of  providing  the  desired  information. 

PROGRAM  PLAN 

Initially,  the  factors  of  gate  velocity,  die  temperature,  volume  percent  solid,  and  gate  place- 
ment will  be  investigated  lor  their  effect  upon  blade  quality.  A statistically  designed  test 
program  of  the  Box-Wilson  type  will  be  employed  in  this  stage  of  the  program.  Shown  both 
schematically  and  in  matrix  form  below,  testing  will  be  conducted  for  each  of  the  gate  sizes 
to  be  examined. 

The  test  plan  illustrated  not  only  quantitatively  measures  the  impact  of  the  four  variables  on 
blade  quality,  but  it  assesses  the  blade  quality.  Furthermore,  the  statistical  plan  permits  a 
quantitative  evaluation  of  the  relationship  between  the  variables  and  the  response  parameter: 
this  is  a capability  which  is  not  generally  possible  with  the  typical  engineering  approach. 

The  tests  will  be  fully  replicated  for  each  gate  geometry.  The  rational  for  repeat  tests  is 
threefold : 

( 1 ) The  possibility  of  extraneous  random  effects  introducing  bias  into  the  test  results  can 
be  detected  if  such  should  occur. 

1 2)  A measure  of  the  inherent  variation  in  the  machine  casting  process  can  be  obtained  and 
used  as  a reference  point  when  assessing  the  reproducibility  of  the  process. 

Id)  It  provided  a means  of  analytically  assessing  the  significance  of  the  process  variable 
effects. 

DATA  ANALYSIS  DECISION  TECHNIQUE 

The  Analysis  of  Variance  (ANOVA)and  regression  analysis  will  provide  the  means  of  iden- 
tifying the  significant  effects  of  the  variables  and  evaluating  their  trend. 
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The  ANOVA  will  be  applied  to  the  data  contained  in  the  factorial  design  illustrated.  This 
analysis  rests  on  a separation  of  the  variance  of  all  the  observations  into  parts,  each  of  which 
quantitatively  measures  the  variability  attributable  to  some  specific  factor  or  combination  of 
factors.  This  method  of  analysis,  therefore,  has  two  important  advantages  over  nonstatisti- 
cal  methods: 

1 . The  analysis  results  in  consistent  assessments  of  the  factor’s  effect  on  the  response.  If 
two  or  more  independent  analyses  of  the  data  are  performed,  they  will  arrive  at  the 
same  measurement  of  the  relationship  between  the  factors  and  the  response. 

2.  The  analysis  provides  a method  of  interpreting  the  degree  of  certainty  of  the  relation- 
ship between  the  factors  and  the  response,  i.e.,  whether  the  measured  effect  of  the  fac- 
tor associated  with  the  response  is  real  of  if  it  is  due  to  random  variation. 

The  table  which  follows  illustrates  the  mechanics  of  the  ANOVA  and  how  the  significant 


factors  are  identified. 
Source  of  Variation 

Sum  of 
Squares 

Degrees  of 
Freedom 

Mean 

Square 

F Ratio 

Main  Effects 

Die  Temp  (T) 

ssT 

dft 

(SS/DF)1 

MSy/MSp 

Vel  (V) 

SSy 

DFV 

(SS/DF)V 

MSv/MSp 

Vol.  7c  Solid  (S) 

• 

• 

• 

• 

Gate  Geometry  (G) 

• 

• 

• 

• 

Interactions 

TXV 

TXV 


SXG 

TXVXS 

TXVXG 


VXSXG 

TXVXSXG 

Error  SSp  DFp  (SS/DS)p 

Total  SSTotai  NTctal  ' 
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The  use  of  the  F-test  in  the  ANOVA  is  as  follows: 


1 . A table  of  the  probability  that  the  ratio  of  mean  squares  will  be  equal  to  or  exceed  a 
given  value  (F  - table)  may  be  found  in  most  statistical  textbooks.  The  value  to  be  used 
in  this  table  is  determined  by:  (a)  stating  a probability  (confidence  level)  that  one 
wants  to  associate  to  the  statement  of  whether  the  factor  caused  a significant  change  in 
the  response,  and  (b)  knowing  the  number  of  degrees-of-freedom  associated  with  the 
numerator  (the  factor  mean  square)  and  the  denominator  (the  error  mean  square)  of 
the  ratio.  The  confidence  level  to  be  used  will  be  90%. 

2.  If  the  test  index  of  any  first  or  higher  order  factor  is  greater  than  or  equal  to  the  F - 
table  value,  the  factor  will  be  considered  to  have  a significant  effect  on  the  response. 

3.  If  the  test  index  is  less  than  the  F - table  value,  it  will  be  concluded  that  there  is  insuf- 
ficient evidence  to  believe  that  the  factor  had  a significant  effect  on  the  response. 

Multiple  regression  analysis  will  be  used  to  develop  a response  surface  incorporating  the  vari- 
able main  and  interaction  effects  identified  as  significant  process  variables  in  the  ANOVA. 
The  mathematical  model  of  the  machine  casting  process  will  thus  be  based  on  meaningful 
parameters  and  will  be  considered  a useful  description  of  the  physical  quantities  that  go  into 
making  up  the  process.  The  relationship  will  be  of  the  form 

Y = a + bjX]+b')X-)  + 

Where  Y = quality  characteristic  measurement 
Xj  = variable  main  or  interaction  effect 
a = intercept 

bj  = the  average  change  in  the  response  associated  with  the  change  in  the 
variable 

The  values  of  a and  the  b j ’s  are  determined  from  the  standard  least  squares  solution  whereby 
£ (Yj  - Y is  minimized.  Yj  is  the  actual  response  obtained  from  the  test 

program  and  Y is  the  response  calculated  from  the  regression  equation. 
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2000  Ninth  Avenue,  South,  Birmingham,  Alabama  35205 

Mr.  R.  F.  Kirby,  Chief,  Materials  Engineering  Dept.,  Dept.  93-39M, 
Airesearch  Manufacturing  Company  of  Arizona.  402  South  36th  Street. 

P.  O.  Box  5217,  Phoenix.  Arizona  85010 

Dr.  Mervin  T.  Rowley,  American  Foundry  Men’s  Society,  Golf  & Wolf 
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